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For evaluation as a detector for high-speed gas chromatography, a linear quadrupole mass 
spectrometer was operated in rf only mode by using Region II (a = 0; 7.514 < 9 < 7.580) of 
the Mathieu a/q stability diagram. The available power supply and the diameter of the 
quadrupole rods of the mass spectrometer placed an upper mass limit of - m/z 93. Scan 
rates of 1000 scans/s were obtained with mass spectral peaks resolved over an 80-u range. 
The m/z 91 and 92 ions produced from the electron ionization of toluene are resolved with 
an RI 2 of 135. A potential difference between the source and the quadruple mass filter of up 
to lOd0 V was used to accelerate ions into the quadrupole. Broadening of mass-to-charge 
ratio peaks results from the time constant of the signal amplification rather than the small 
number of rf cycles the ions experience. The expected loss of sensitivity relative to Region I is 
observed, and the problem of mass aliasing is discussed. 
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uadrupole gas chromatography-mass spec- 
trometry (GC/MS) systems have gained wide 
acceptance based on their dependability and 
ease of use. Most research institutions possess at least 
one GC/MS system for performing volatiles analysis. 
The majority of these systems incorporates a linear 
quadrupole mass filter as the detector. The introduc- 
tion and use of narrow-bore capillary columns in gas 
chromatography (GC) has decreased separation times 
and increased performance requirements for GC injec- 
tors, ovens, and detectors. However, due to their se- 
quential scanning of ions, linear quadrupole mass 
spectrometers are generally considered too slow for 
use as a detector for fast GC/MS 111. To date, re- 
searchers have investigated several types of mass spec- 
trometers as fast scanning detectors. Wollnik et al. [21, 
Holland et al. [3], and Coles and Guilhaus [4] em- 
ployed time-of-flight (TOF) mass analyzers, and com- 
mercial instruments based on TOF are now available 
for fast GC/MS. Leclerq et al. 151 has coupled high 
speed gas chromatography with a diode array detector 
placed in the focal plane of a magnetic sector instru- 
ment [5]. Van Ysacker et al. [6] also used a double- 
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focusing mass spectrometer as a detector for fast GC 
with sensitivities as low as 50 fg in selected ion moni- 
toring mode. Ion traps have shown capabilities of scan 
speeds (mass range X scans per second) of over 20,000 
u/s, but software limitations have kept them from 
being widely used [71. Dagan and Amirav 18, 91 have 
utilized linear quadrupoles as detectors for fast 
GC/MS, but at conventional scanning rates. 
We previously reported the use of a linear 
quadrupole mass filter as a detector for fast GC/MS, 
with the trade-off of reduced mass resolution and 
undersampling to achieve fast scan rates [lo]. The 
physical limitation to scanning the quadrupole is the 
amount of time required for the ions to pass through 
the quadrupole rods and reach the detector. Ions must 
undergo a sufficient number of rf cycles while travers- 
ing the length of the rods to be mass resolved. Typi- 
cally, an ion translational energy of 5 eV is used in 
standard operation. For a mass filter with rods of 
length 0.14 m, the flight time of an ion of m/z 69 
to pass through the rods is - 53 ps, whereas an ion 
of m/z 219 takes nearly 100 ws. Although ion trans- 
lational energies are often increased during the 
scan, tens of microseconds are required to analyze 
each mass-to-charge ratio, resulting in scan times of 
25-50 ms over a 100-u range ( < 40 scans/s>. 
The Mathieu a/q stability diagram for a linear 
quadrupole is given in Figure 1. The dimensionlesss 
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Figure 1. The Mathieu a/9 stability diagram for linear 
quadrupoles: Region I (0 < 9 < 0.911, Region II (a z 0; 7.4 < 9 < 
7.54), Region III (centered around a = 3.0 and 9 = 3.0). 
parameters a and q are, respectively, proportional to 
the applied dc and rf voltages and predict the stability 
of an ion in the x and y plane orthogonal to the 
quadrupole axis. 
4eU 
a== 
2eV 
9= mw2r2 
(11 
where U is the dc voltage, V is the zero to peak rf 
voltage applied to the quadrupole rods, e is the elec- 
tronic charge, w is the angular frequency of the rf 
voltage, and r is the inner radius of the quadrupole. 
The shaded areas in Figure 1 are overlapping regions 
of ion stability in both the x and y directions. Region I 
is the area close to the origin and stretching out to 
9 = 0.91. At present all commercial instruments use 
Region I for mass analysis as it yields high sensitivity 
and the requirements for the rf and dc power supplies 
are the least demanding. The nomenclature for Re- 
gions II and III is somewhat ambiguous in the litera- 
ture. Here we will follow the convention of Dawson 
[ 111, where Region II is the area bordering the ordinate 
axis (a z 0; 7.514 < 9 < 7.580) and Region III is the 
area centered around 9 = 3.0 and a = 2.8. Region IV is 
the area where u z 0 and 9 = 21 (not shown in Fig- 
ure 1) and would provide even greater resolution but 
at much higher power requirements. Because of the 
high resolution capabilities of quadrupoles operating 
in these regions, there is renewed interest in their use 
for selected applications. 
A solution for reducing translational flight times 
through the quadrupole is to utilize Region II of the 
Mathieu a/q stability diagram. Figure 2 shows the 
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Figure 2. Region II (0 < a < 0.0293; 7.514 < 9 -C 7.580) of the 
Mathieu a/9 stability diagram. The oscillatory motion parame- 
ters p, and 0, range from 1 to 2. 
Region II area in detail. Dawson and Bingqi [12, 131 in 
a study of Region II reported a theoretical rod length 
advantage of 60-80 and an experimental length advan- 
tage of 14 over Region I. Thus, fewer rf cycles are 
required for unit mass resolution in Region II than in 
Region I, and higher ion kinetic energies can be used 
to propel ions into the quadrupole, resulting in shorter 
flight times and ultimately faster scan rates. The oscil- 
latory nature of the ion motion is denoted by p, and 
/3, values, In Region I, these values lie between 0 and 
1, whereas in Region II they lie between 1 and 2, 
resulting in an entirely different oscillatory motion of 
the ions as they pass through the quadrupole. The 
overlapping stability area of ions in the xr~ plane of 
Region II is very narrow, allowing for a rapid transi- 
tion of ion trajectories from stable to unstable as q is 
varied. Operation in rf-only mode (a = 0) produces a 
theoretical resolution of 114 [12]. A slight dc voltage 
can be added to enhance resolution with operation 
near the tip (a = 0.02951, producing R,,, = 9000 at 
m/z 55, where R,,2 = m/Am,,, and Am,,, is the 
peak width at half height [14]. Region II is also con- 
ducive for use with ions possessing high kinetic ener- 
gies. Hiroki et al. 1151, utilizing Region II, have injected 
ions with l- and 3-keV energies and observed R1,2 = 
54 and 48, respectively, for the m/z 28 peak in air. 
There are several disadvantages to the use of Re- 
gion II: (1) For a given instrument, the maximum mass 
is reduced by an order of magnitude. The rf voltage for 
transmission through Region I lies at approximately 
9 = 0,702, whereas transmission through Region II is at 
q = 7.547, requiring a much higher rf voltage for com- 
parative mass range. (2) The sensitivity is decreased by 
an order of magnitude. The effective acceptance for 
transmission in Region II is N l/10 relative to Region 
I [12]. (3) Mass aliasing may mask the low end of the 
spectrum. High mass ions of c 8.25 times the mass- 
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to-charge ratio of interest are stable in Region I and are 
passed through the quadrupole. 
Experimental 
A Hewlett-Packard (Palo Alto, CA) 5890 gas chromato- 
graph equipped with a 5-m, O.l-mm-i.d., O.l-pm film 
consisting of 95% dimethyl and 5% diphenyl siloxane 
(DB-5, J & W Scientific, Folsom, CA) was used for the 
introduction of compounds into the mass spectrome- 
ter. Helium was used as the carrier gas, and the 
injection port was held at 220°C. The gas chromate 
graph was operated under isothermal conditions at 
50°C. A 0.75-mm-i.d. injection liner (SGE, Australia) 
was used to limit the injection volume. Injections con- 
sisted of l/10 ILL of the neat analyte-hexane or 
toluene-run in split mode utilizing a split ratio of 
lOO:l, which resulted in - 1 pg of analyte being 
placed at the head of the capillary column. 
The Nova 3 computer and scan box of the Finnigan 
4500 quadrupole mass spectrometer (Finnigan-MAT, 
San Jose, CA) were replaced with a Gateway 486 
66-MHz PC, a Hewlett-Packard function generator 
(model 3312A), and a Hewlett-Packard digitizing oscil- 
loscope (model 54503A). Scans were acquired by using 
the function generator to supply a 0- to -10-V signal 
to drive the quadrupole electronics module which in 
turn generated the rf voltages applied to the 
quadrupole rods. Voltages were sufficient for analyses 
of the mass range from 1 to 93 u. The standard method 
of scanning a quadrupole employs a sawtooth wave- 
form in which the dc and rf potentials on the 
quadrupole are ramped from low to high, permitting 
successive masses to pass. At the end of the scan the 
potentials are dropped back to the low mass for the 
next scan. Because of the abrupt drop in the rf power 
supply, several milliseconds are generally required for 
the voltages to stabilize. For fast scans, a triangular 
waveform consisting of alternate scans of low to high 
mass and high to low mass was used to eliminate the 
settling time. No discernible difference was observed 
in an upward scan compared to a downward scan. 
However, while balancing the rf applied to the 
quadrupole rods, it was noticed that the m/z 28 peak 
of nitrogen could be increased in a downward scan at 
the expense of the m/z 28 peak in the upward scan 
and vice versa. A concurrent loss in mass resolution 
was observed for the increased sensitivity due to the 
detuning of the rf. 
The signal generator is capable of producing a trian- 
gular waveform at rates up to 1 MHz, but was oper- 
ated at the lOO-Hz range with a frequency multiplier of 
1 and 5. Because the signal was triangular, this re- 
sulted in the quadrupole being scanned in an up and 
down mode, resulting in single scan times of 5 and 
1 ms, respectively. The digitizing oscilloscope was 
capable of sampling at 500 MHz and storing 1024 data 
points. The data were then transferred via a HPIB 
cable to the Gateway 486 66-MHz PC containing a 
GPIB interface board (National Electronics, Austin, TX). 
Transfer rates from the digitizing oscilloscope to the 
PC were limited to approximately 10 scans/second. 
The low transfer rate prevented the complete data 
acquisition of a GC/MS analysis and only selected 
mass spectra were downloaded to the PC. A second 
cable linked the signal generator with the digitizing 
oscilloscope to synchronize the start of the triangular 
waveform and the start of the data acquisition. 
Although replacement of the entire data acquisition 
and control system was required, only minor modifi- 
cations to the hardware were needed. The dc voltages 
on the Finnigan 4500 quadrupole mass spectrometer 
were disconnected to disable the dc ramp, the 
quadrupole offset, and offset program. A dc power 
supply was Connected to the rods to supply a single 
voltage of 0 to -3000 V to all four rods. This allowed 
the potential between the source and the quadrupole 
to be adjusted from 0 to -3000 V, with increments of 
50 or 100 V normally being used. The dc voltage 
provided the translational energy only, and mass fil- 
tration was based solely on the rf potential. The rf 
power supply was not modified and delivered a poten- 
tial from 0 to - 3000 V at a frequency of 2.28 MHz. The 
electron multiplier was set at -2000 V and the instru- 
ment was operated in electron ionization (EI) mode 
by using 70-eV electrons with an emission current of 
0.3 mA. The preamplifier was set at gains of 10P7, 
10K6, and lo-’ A/V . 
Results and Discussion 
Operation of the mass spectrometer in Region II of the 
Mathieu a/q stability diagram results in a maximum 
mass of - 93 u due to the higher rf voltage require- 
ments. The narrow width of Region 11 has Aq = 0.066 
and an average 9 = 7.547, resulting in a unit mass 
resolution of - 114 or an R1,2 = 228 in rf-only mode, 
and makes the dc component unnecessary for the ac- 
quisition of low resolution spectra [12, 131. Baseline 
resolution of all mass-to-charge ratios was observed up 
to m/z 93 under normal scanning conditions. Figure 3 
shows the mass spectrum of toluene acquired at a 
5-ms scan rate over the range from 13 to 93 u by using 
an ion translational energy of -550 eV. The lower 
portion of the spectrum has been multiplied by a factor 
of 5. As expected, the base peak is at m/z 91, the 
molecular ion at m/z 92, and the 13C isotopic peak is 
observed at m/z 93. The low mass for a scan was 
routinely set above m/z 13 to prevent saturation of the 
electron multiplier by carrier gas ions and to reduce 
mass aliasing. The aliasing produces a broad peak at 
the beginning of the ramp, resulting from high mass 
ions passing through the quadrupole under stability 
Region I conditions. The mass aliasing relationship is 
m/z’ 2 8.25 m/z. Consequently, ions of a given mass- 
to-charge ratio will pass through the filter twice during 
a scan; for example, an ion of m/z 90 will appear as a 
broad peak at - m/z ’ 11 (Region I) and as a sharp 
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Figure 3. The mass spectra of toluene acquired at a scan tune of 
5 ms in rf-only mode and an ion translational energy of -550 eV 
1024 data points were acquired across the scan. The broad peak 
at the beginning of the scan results from mass aliasing; m/z 91 
and 92 ions pass through the quadrupole in the Region I stability 
area. 
peak at m/z 90 (Region II). The problem of aliasing 
can be dealt with by limiting the scan to < 0.825 per 
decade or by the incorporation of a prefilter. The use of 
a filter to reduce aliasing would not affect the scan 
rates, but possibly would further decrease sensitivity. 
The formation of the ions in the source and their 
passage through any lenses or filters prior to entering 
the quadrupole filter are not additive to the analysis 
time because ions are delivered continuously to the 
quadrupole entrance. The loss in sensitivity relative to 
Region I is more problematic, especially for use as a 
detector for fast GC/MS, which employs narrow-bore 
capillary columns where less material is placed on 
the column relative to normal capillary GC. Although 
- l-pg samples were used to acquire the spectra re- 
ported in this paper, 10% solutions of analyte were 
detectable, indicating a detection limit of less than 100 
ng. Typical detection limits for this instrument under 
normal scanning conditions in Region I range from 1 to 
10 ng depending upon the analyte. Although not rigor- 
ously investigated, the expected loss in sensitivity of 
one order of magnitude was observed. 
The flight time of the ion through the quadrupole is 
the limiting factor in the scanning rate of the mass 
filter and is dependent on the translational energy of 
the ion. This energy is derived from the potential 
difference between the source and the quadrupole. The 
source was held at ground, and the ion translational 
energy was varied by placing a negative dc potential 
on all four of the quadrupole rods by using the exter- 
nal power supply. Under normal operating conditions 
in Region I, this value is approximately 5 V, thus 
allowing the ions to undergo a sufficient number of rf 
cycles to achieve the desired mass resolution. Figure 4 
shows the mass spectrum of hexane acquired over a 
5-ms scan at increasing ion translational energies un- 
der Region II conditions. At a potential difference of 5 
V, m/z 86 is not observed as a result of scanning too 
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Figure 4. A 5-ms scan of hexane acquired over the range from 
18 to 93 u with ion translational energies of (a) 5 eV, (b) 100 eV, 
Cc) 500 eV, and (d) 1000 eV. 
fast (Figure 4a). The mass filter moves to the next 
mass-to-charge ratio before the ions completely tra- 
verse the length of the quadrupole, become unstable, 
and are neutralized before they reach the detector. At a 
potential difference of 100 V, the molecular ion is 
observed and m/z 86 is resolved from m/z 85. In- 
creasing the potential difference to 500 and 1000 V had 
no effect on the mass resolution. An increase in signal- 
to-noise ratio S/N was observed up to - 550 V and 
then leveled off. Arcing occurred when a potential 
difference of 1200 V was applied. In consideration of 
the high voltage, source geometry, and vacuum, a 
maximum potential difference of 1000 V was used 
between the source and the quadrupole rods. 
Decreasing the scan time of the instrument from 5 
to 1 ms resulted in broad peaks that were not well 
resolved as observed in a mass spectrum of hexane 
depicted in Figure 5a. The m/z 85 and 86 peaks are 
merged to form a single peak and the m/z 56 peak 
appears as a shoulder on m/z 57. The slight dips 
following the more intense signals indicated that the 
preamplifier might be distorting the signal. The gain 
on the preamplifier was decreased from lop7 to lop6 
A/V. Under this setting the m/z 86 peak was not 
observed due to the decreased sensitivity; however, 
the m/z 56 and 57 ions were resolved at - 15% peak 
height (Figure 5b). Toluene was analyzed to determine 
if ions at the high end of the available mass range 
could be resolved by using a 1-ms scan time. At a gain 
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Figure 5. Mass spectra of hexane acquired over a range of 15 to 
93 u in 1 ms with an ion translational energy of 1000 eV. (a) 
Preamplifier gain of 10m7 A/V; (b) preamplifier gain of lKh 
A/V. 
of lo-‘A/V, m/z 91,92, and 93 were not resolved and 
formed a single broad peak as shown in Figure 6a. As 
the gain was decreased, the time constant was re- 
duced. At a gain of 10P6 A/V the m/z 91 and 92 were 
resolved at 20% peak height with an R1,2 = 135. At a 
gain of 1O-5 A/V, although barely detectable, the m/z 
91 and 92 peaks were baseline resolved, but the peak 
width had not decreased relative to a gain setting of 
10P6 A/V. At a gain of 1O-7 A/V, the peak broadening 
observed during the l-ms scan times resulted from the 
time constant of the preamplifier and not from the 
limited number of rf cycles the ions experience in the 
quadrupole. 
The m/z 91 peak in Figure 6b has a peak width of 
0.65 u, giving R1,2 = 140. In rf-only mode the theoreti- 
cal resolution is 228, assuming a theoretical peak width 
at half height of 0.5 u. The theoretical number of rf 
cycles required for a given resolution in Region I is 
given by R,,, = d/5.25, whereas experimental values 
are closer to R,,, = n2/10, where n is the number of rf 
cycles [131. For Region II, the relationship between the 
number of rf cycles and resolution is given by X1,* = 
180n2; experimental values of R,,, = 1972’ and R,,, 
= 1372’ have been reported [12-I4]. With a transla- 
tional energy of 1000 eV, a singly charged ion of mass 
91 u is calculated to take - 3 ,us to traverse the length 
of the 14-cm quadrupole rods and would undergo 6.8 
rf cycles <f = 2.28 MHz). This results in a relationship 
between the resolution and the number of rf cycles of 
R ,,2 = 3n’. The lack of a dc component results in the 
significant difference in the result obtained here and 
reported elsewhere. 
For routine operations, an upper mass range of m/z 
93 is insufficient for most analyses and a minimum 
upper mass range of m/z 600 is required for most 
commercial instruments. By using the calculated con- 
stant of 3, - 14.1 rf cycles would be required to 
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Figure 6. Mass spectra of toluene acquired over a range of 15 to 
93 u in 1 ms with an ion translational energy of 1000 eV. The 
spectra have undergone a five point smoothing function. (a) 
preamplifier gain of lo-’ A/V; (b) preamplifier gain of 10e6 
A/V; (C) preamplifier gain of lo-’ A/V. A five point smoothing 
function has been applied to all three of the spectra. 
achieve a resolution of 600. At rf frequency of 2.28 
MHz, this would take - 6.2 ps to resolve m/z 600 
from 601. This in turn produces a conservative theoret- 
ical scan rate in excess of 150,000 u/s, eliminating the 
flight time of the ion as the limiting factor for scanning 
a quadrupole. The preceding argument makes two 
gross assumptions: that a sufficient translational en- 
ergy can be placed on the m/z 600 ions to traverse the 
quadrupole rods in - 6 ps and that the R,,, = 3n2 
equation can be extrapolated to m/z 600. Neverthe- 
less, it is useful to show that a quadrupole mass filter 
designed for operation in Region II should be able to 
produce scans over a 500-u range at several hundred 
scans per second with good mass resolution. 
Under fast scanning conditions over the mass range 
of 13-93 u, the relative abundance of the fragment ions 
of hexane and toluene were comparable with library 
spectra. This may not hold true for all compounds. The 
amount of time between creation of an ion in the 
source and the detection of the ion at the electron 
multiplier was decreased by nearly 1 order of magni- 
tude. This may affect the spectra of some molecules 
that produce fragment ions possessing lifetimes of 
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l-10 ps. These ions are not generally observed under 
normal operating conditions, but would be detected 
under fast scanning conditions. The fragmentation pat- 
tern would then change as a result of the observation 
of these ions. The expected shift would be toward an 
increase in the higher mass ions and a concurrent loss 
in the observed lower mass ions for a given spectrum. 
quadrupoles. Operation in Region II may also be use- 
ful for tandem instruments, which use a quadrupole 
for scanning the progeny ions possessing high transla- 
tional energies following collisionally induced dissoci- 
ation. 
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